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Introduction {#sec1}
============

Energy storage devices with high energy density, long cycling life, and low cost are eternal goals to meet the ever-increasing demands from portable electronic devices, electric vehicles, and renewable energy sources ([@bib1]). Conventional lithium-ion batteries have dominated the market for decades owing to their relatively high energy density (150 Wh kg^−1^) ([@bib8]; [@bib24]). However, the inherent safety hazard of the flammable organic electrolyte and high cost limit their large-scale applications such as for stationary energy storage ([@bib36]; [@bib38]). Flow batteries with multiple redox couples in aqueous media are one of the most promising technologies for large-scale energy storage ([@bib46]). Among them, zinc-bromine flow batteries are very appealing, owing to their attractive features of long cycling life ([@bib34]).

A typical Zn-Br~2~ flow battery is composed of two reservoirs for storage of the ZnBr~2~ electrolyte, which are connected to the reactor by pumps/pipes ([@bib14]). The basic redox reactions in the battery are summarized as following equations:

At the positive electrode:

At the negative electrode:

Overall reaction:

During the charge process, Br~2~ is generated at the positive electrode and further complexes with Br^−^ in aqueous media to form highly soluble Br~3~^-^ ions, while zinc is deposited at the negative electrode simultaneously ([@bib25]). Reverse reactions occur at the respective electrodes during the discharge process, providing a high theoretical energy density of 432 Wh kg^−1^ ([@bib2]; [@bib6]). Although the highly soluble Br~3~^-^ species accelerates the redox kinetics, it reacts with the zinc anode directly by cross-diffusion, leading to self-discharge and low coulombic efficiency ([@bib13]; [@bib39]). Another existing issue for zinc-based battery is the dendritic Zn deposition, which potentially triggers an internal short circuit ([@bib18], [@bib19]; [@bib49]). These challenges are alleviated with the multiple approaches of a standard Zn-Br~2~ flow battery: (1) Bromine complexing agents transform the soluble Br~3~^-^ species to oily phase ([@bib42]; [@bib44]); (2) storage of the oily phase in separated reservoirs allows bromine convection and improves the limiting current density for Zn deposition ([@bib10]; [@bib34]); (3) ion-selective membrane further prevents cross-diffusion and short circuits ([@bib12]; [@bib50]). These approaches are compromised at the expense of cell resistance, energy efficiency (normally \<80%), and increased system size and complexity ([@bib2]; [@bib51]). They sharply increase the capital costs from \$8 per kWh based on ZnBr~2~ electrolyte and carbon electrode to over \$200 per kWh for a battery system, which is not superior at all when compared with the current Li-ion technology ([@bib2]; [@bib43]). The flowable and corrosive Br~2~/Br~3~^-^ species further reduce the reliability of the system, leading to cell failure by parts corrosion instead of by the intrinsic redox chemistry ([@bib9]).

In typical Zn-Br~2~ flow batteries, converting the soluble Br~2~/Br~3~^-^ species to oily complexation phase by asymmetric quaternary ammonium salts such as methyl ethyl pyrrolidinium bromide (MEPBr) or methyl ethyl morpholinium bromide (MEMBr) does not fully address the cross-diffusion and poor coulombic efficiency ([@bib34]; [@bib45]). Auxiliary components such as microporous polyolefin or Daramic membrane and the bromine storage system (reservoirs, pumps, pipes) as discussed above are essential to achieve an acceptable performance ([@bib13]; [@bib30]). Since most of these auxiliary components in Zn-Br~2~ flow battery are correlated to address the cross-diffusion of the Br~2~/Br~3~^-^ species, the most straightforward strategy to simplify the battery system is transforming the soluble species to solid phase. In short, this requires a fundamental change to store Br~2~/Br~3~^-^ species in non-flow energy storage systems in a manner that suppresses cross-diffusion and self-discharge by a simple and affordable mechanism, as proposed by Stucky et al. for the aqueous redox-enhanced electrochemical capacitors ([@bib47]). Efforts had been made recently to realize flowless Zn-Br~2~ batteries by entrapment of Br~3~^-^ in the cathodes; however, the coulombic efficiencies are normally lower than 90% and the energy efficiencies are lower than 80% ([@bib5]; [@bib17]).

In this work, we demonstrate a zinc-bromine static (non-flow) battery without the auxiliary moving parts and utilizing a glass fiber separator, which overcomes the high self-discharge rate and low energy efficiency while the advantages of the zinc-bromine redox couple are well maintained. This is achieved by an effective complexing agent, tetrapropylammonium bromide (TPABr), reversibly converting the Br~2~/Br~3~^-^ species to solid phase in aqueous media. The solid complexation is stored in porous carbons with good interfacial contact, further providing physical confinements to prevent the cross-diffusion and self-discharge. We also witness the zinc electrodeposition is altered from dendritic to non-dendritic growth by the polar TPA^+^ ions, which prefer to be adsorbed on zinc nucleus, blocking the strong electric field and regulating the ion distribution on the interface ([@bib7]). In such a simplified design, the Zn-Br~2~ static battery has a similar configuration to the Li-ion batteries. The proposed zinc-bromine static battery demonstrates a high specific energy density of 142 Wh kg^−1^ at 500 mA g^−1^ (equivalent to 150 W kg^−1^) with a high energy efficiency of 94%. Note that the current densities and specific capacities are based on the mass of cathodes only, whereas the power densities and energy densities are calculated with the total mass of the cathode and active materials in electrolytes (ZnBr~2~ and TPABr). Owing to the highly reversible bromine capture capacity of the TPABr additive, the battery shows an ultra-stable cycling life for over 11,000 cycles with minimum self-discharge rate. Our static battery configuration offers a cost-effective and easy fabrication path for spreading the Zn-Br~2~ battery to practical application.

Results {#sec2}
=======

Reversible Solid Complexation of Br~2~ in Aqueous Media {#sec2.1}
-------------------------------------------------------

The non-flow zinc-bromine battery with regular porous glass fiber separator is particularly prone to low coulombic efficiency, as shown by the blank electrolyte ([Figure 1](#fig1){ref-type="fig"}A). This is due to the serious cross-diffusion of the highly soluble Br~2~/Br~3~^-^ species, which results in direct redox reaction with the zinc anode. Although the diffusion is alleviated in flow batteries by the combination of the ion-selective membranes and the bromine complexing agents (such as MEPBr), the zinc-bromine flow batteries are still plagued by self-discharge and low coulombic efficiency ([@bib2]). Relying solely on the MEPBr additive does not show much improvement for coulombic efficiency in the static battery ([Figure 1](#fig1){ref-type="fig"}A). In sharp contrast, the static zinc-bromine battery with the TPABr complexing agent shows high reversibility with decent coulombic efficiency of 99.6%, as shown in [Figure 1](#fig1){ref-type="fig"}A. It is much higher than that of the recently reported "flowless" Zn-Br~2~ batteries, which only show coulombic efficiencies of \<90% ([@bib17]). We ascribe it to the strong complexing ability of the TPABr additive, which fully transforms the soluble Br~2~/Br~3~^-^ species to solid phase in the electrode. [Figure 1](#fig1){ref-type="fig"}B shows the electrochemical generation of a solid complex on the surface of a carbon cloth electrode by passing anodic current in the ZnBr~2~/TPABr electrolyte.Figure 1Properties of Bromine Complexing Agents(A) Coulombic efficiencies and capacity retentions of the static batteries with (1) blank (ZnBr~2~), (2) MEPBr, and (3) TPABr electrolytes at 100 mA g^−1^ (0.3 mA cm^−2^).(B) The image of the carbon cloth electrode after being charged for 1 h at 5 mA cm^−2^ in TPABr electrolyte.(C) Br~3~^-^ solution and its complexation by MEPBr and TPABr, respectively.(D) Raman spectra of the Br~3~^-^ solution and the supernatants of the Br~3~^-^ + MEPBr and the Br~3~^-^ + TPABr mixtures.

We studied the complexation chemistry of Br~3~^-^ with TPABr and other quaternary ammonium salts with different chain length to demonstrate the effectiveness of suppressing the cross-diffusion (see [Figure S1](#mmc1){ref-type="supplementary-material"} for the molecular structure). [Figure 1](#fig1){ref-type="fig"}C and [Figure S2](#mmc1){ref-type="supplementary-material"} visually show the complexing product of the freshly prepared Br~3~^-^ solution with quaternary ammonium salts (see [Methods](#sec4){ref-type="sec"} for detail). Conventional complexing agent of MEPBr for flow batteries is also shown for comparison. The yellow Br~3~^-^ anion solution is immediately transferred into a colorless supernatant with solid precipitation by the TPABr additive, whereas MEPBr forms an oily liquid with certain amount of Br~3~^-^ residual in the supernatant, as shown in [Figure 1](#fig1){ref-type="fig"}C. The supernatant was further characterized by Raman spectrum ([Figure 1](#fig1){ref-type="fig"}D). The symmetric stretching band of Br~3~^-^ at 165 cm^−1^ is obvious in the MEPBr mixture ([@bib4]; [@bib47]), implying insufficient complexation by MEPBr additive. The residual Br~3~^-^ in the supernatant leads to cross-diffusion, which inevitably decreases the overall columbic efficiency, as shown in [Figure 1](#fig1){ref-type="fig"}A. However, the TPABr complexed supernatant is colorless with minor Raman response, verifying that no Br~3~^-^ remains in the supernatant after complexing. This is consistent with the high coulombic efficiency of the cell with the TPABr complexing agent. This approach is vastly different than the electrostatic attraction mechanism proposed to retain bromine species by the oppositely charged electrodes, which only shows a minor effect on the suppression of self-discharge ([@bib5]). The precipitate discussed here is identical to the TPABr~3~ solid complex formed electrochemically on the electrodes, as confirmed by Raman spectrum ([Figure S3](#mmc1){ref-type="supplementary-material"}) and XRD pattern ([Figure S4](#mmc1){ref-type="supplementary-material"}).

It is worth noting that the voltage profile of the cell with the TPABr electrolyte is significantly different from that of the MEPBr electrolyte, as shown in [Figure 2](#fig2){ref-type="fig"}A. Notably, the voltage of the cell with TPABr rises at the end of the charge process, followed by a "knee" point at the beginning of discharge. The large polarization of CMK-3 electrode at the beginning of the discharge is due to blocking of the pores of the electrode by the non-conductive TPABr~3~ precipitation, which impedes the charge transfer path. Subsequent formation of TPABr~3~ will aggregate on the electrode surface at the end of charge process, as shown by the SEM image of the charged carbon cloth electrode ([Figure 2](#fig2){ref-type="fig"}B). [Figure S5](#mmc1){ref-type="supplementary-material"} shows the corresponding SEM images of the CMK-3 electrode at different SOC; it is obvious that the surface of the electrode was covered by TPABr~3~ crystals after it was fully charged ([Figure S5](#mmc1){ref-type="supplementary-material"}F) but it disappeared after discharge ([Figure S5](#mmc1){ref-type="supplementary-material"}G). It is understandable that the MEPBr~3~ is a flowable oily phase that does not prefer to adsorb on the substrates so a flat voltage is obtained, as evidenced by the clean charged electrode ([Figure S6](#mmc1){ref-type="supplementary-material"}). This phenomenon is supported by the electrochemical impedance spectroscopy (EIS) of the cell at different state of charge (SOC) ([Figures 2](#fig2){ref-type="fig"}C and 2D). The semicircles at the high frequency and middle frequency regions are corresponding to the ion migration process and the charge-transfer process, respectively ([@bib26]). Obviously, the charge-transfer impedance increases during the charge process with a sudden increase at the end of charge, which results in the rising of the charge potential simultaneously. The high charge transfer resistance is also attributed to the high polarization at the beginning of discharge. But it returns to a normal level with the consumption of the solid bromine phase on the electrode. In contrast, the impedance of the blank cell and MEPBr cell does not show such features ([Figure S7](#mmc1){ref-type="supplementary-material"}).Figure 2Electrochemical Behaviors of the Static Batteries with Different Electrolytes(A) Voltage profiles at 100 mA g^−1^ (0.3 mA cm^−2^).(B) SEM image of the carbon cloth electrode after being charged for 1 h at 1 mA cm^−2^ in TPABr electrolyte.(C and D) EIS spectra of the battery with TPABr at different SOC and the corresponding voltage profile at 100 mA g^−1^ (0.3 mA cm^−2^).(E) Coulombic efficiencies of the batteries versus rest time between charge and discharge processes at 500 mA g^−1^ (1.5 mA cm^−2^).(F) Voltage profiles with 24 h of rest between charge and discharge processes at 500 mA g^−1^ (1.5 mA cm^−2^).

Note that the cell has very stable cycling performance with a high coulombic efficiency of 99.6% even when a higher cutoff voltage of 2.2 V is applied ([Figure S8](#mmc1){ref-type="supplementary-material"}). The high coulombic efficiency indicates that the plateau at 2.2 V is attributed to the electrodeposition of TPABr~3~ on the electrode instead of water splitting. However, the large polarization at high cutoff voltage will definitely decrease the energy efficiency. So, the charge cutoff voltage is set only about 0.1 V higher than the charge voltage plateau. This highlights the importance of the porosity of the electrode to the specific capacity of the cell, which will be discussed in the next section. [Figure S9](#mmc1){ref-type="supplementary-material"} shows the cyclic voltammogram (CV) curves of the three cells. Different from the other two cells, the cathodic currents of the TPABr cell do not fluctuate with the change of scan rate. Although it is clear that the electrochemical process of the bromine chemistry in solution is controlled by diffusion process, the constant cathodic peak current of the cell with the TPABr additive indicates that the formation of the solid product determines the reaction rate.

Self-discharge is one of the most critical parameters for energy storage systems, determining the performance after intermittent application or storage ([@bib27]). Simply transferring the flow-type Zn-Br~2~ battery to a non-flow battery without using microporous membrane represents a system with serious self-discharge, owing to the fast cross-diffusion of the soluble Br~2~/Br~3~^-^ species. We constructed transparent cells to demonstrate the mechanism of self-discharge ([Figure S10](#mmc1){ref-type="supplementary-material"}). All cells were galvanostatically charged at 20 mA. It is obvious that the blank electrolyte and the MEPBr electrolyte changed to yellowish (color of the Br~2~/Br~3~^-^ species) only after 10 min of charge, implying a large amount of Br~3~^-^ had diffused into electrolytes. It results in direct reaction between Br~3~^-^ in the electrolytes and the zinc anode, namely, severe self-discharge. In sharp contrast, the TPABr electrolyte remained colorless after 2 h of charge with yellow precipitate on the electrode ([Figure S10](#mmc1){ref-type="supplementary-material"}). We thus anticipate superior anti-self-discharge property with the TPABr additive because the formation of TPABr~3~ solid complexes will greatly suppress the cross-diffusion. We quantified the self-discharge by testing the retained capacity after storage using a charged (activated) Zn-Br~2~ cell at open-circuit voltage (OCV), as shown in [Figure 2](#fig2){ref-type="fig"}E. All cells were charged to the same specific capacity of 180 mAh g^−1^ (0.54 mAh cm^−2^) at a current of 500 mA g^−1^ (1.5 mA cm^−2^, 21.6 min). The OCV of each cell was recorded during the rest period. Not surprisingly, the blank cell demonstrates a very fast self-discharge rate. Its coulombic efficiency drops from 70% to 32% after only 1 h. Although MEPBr additive can partially complex the Br~3~^-^ anion as an oily phase as discussed above, its coulombic efficiency still reduces by 30% after 1 h. Only about 20% of the capacity can be delivered after 24 h of storage for these two cells, implying the fast redox with zinc anode caused by the Br~3~^-^ anion cross-diffusion. On the contrary, the cell with the TPABr additive shows minor self-discharge after 1 h of rest. Remarkably, the coulombic efficiency only drops by 4% after 24 h of storage. Note that, even when utilizing a Nafion membrane with complicated system design, conventional zinc-bromine flow Battery still suffers a self-discharge rate of 10% per day ([@bib21]; [@bib46]). [Figure 2](#fig2){ref-type="fig"}F shows the voltage profiles with a rest period of 24 h. The OCV of the two control cells decayed continuously during the rest period, leading to the disappearance of the following discharge voltage plateau. However, the cell with TPABr has a constant OCV, implying the cross-diffusion is greatly suppressed by the TPABr complexing agent.

Storing the Solid Br~2~/Br~3~^-^ Species in Porous Carbon {#sec2.2}
---------------------------------------------------------

Although the mobility of Br~2~/Br~3~^-^ is successfully controlled by TPABr complexing agent, exploring a robust conductive porous material to contain the solid phase is essentially important for a static Zn-Br~2~ battery. Obviously, similar to Li-S battery where pores provide physical confinement for the soluble polysulfides ([@bib3]; [@bib29]), a substrate with large surface area and pore volume is highly desired for the static Zn-Br~2~ battery. We systematically compared two kinds of popular porous carbon substrates: activated carbon and CMK-3. Brunauer-Emmett-Teller (BET) analysis suggests that the activated carbon has a specific surface area of 879.6 m^2^ g^−1^ and pore volume of 0.447 cm^3^ g^−1^, whereas the CMK-3 has a specific surface area of 1,456 m^2^ g^−1^ and pore volume of 1.624 cm^3^ g^−1^, respectively ([Figure 3](#fig3){ref-type="fig"}A). [Figure 3](#fig3){ref-type="fig"}B shows the voltage profiles of the cells with these two electrodes, at a current density of 100 mA g^−1^ (0.3 mA cm^−2^). The carbon loading of the electrodes is both about 3 mg cm^−2^. Not surprisingly, the CMK-3 cathode delivers a much higher specific capacity than the activated carbon (497 versus 227 mAh g^−1^, or 1.5 versus 0.7 mAh cm^−2^). [Figure S11](#mmc1){ref-type="supplementary-material"} shows the voltage profiles of the symmetric cell using ZnCl~2~ solution as electrolyte and CMK-3 as both anode and cathode. It is a typical capacitor with the discharge specific capacity of about 43 mAh g^−1^ (0.1 mAh cm^−2^), indicating the adsorbing of zinc ions only contributes a little capacity to the static battery. In contrast to the carbon cloth electrode with numerous TPABr~3~ crystals on the surface ([Figure 2](#fig2){ref-type="fig"}B), the morphology of the fresh CMK-3 electrode and the fully charged CMK-3 electrode are identical ([Figures 3](#fig3){ref-type="fig"}C and 3D). Although the XRD patterns suggest there is a certain amount of TPABr~3~ in the fully charged CMK-3 electrode ([Figure S12](#mmc1){ref-type="supplementary-material"}), it indicates that the TPABr~3~ is stored in the pores of CMK-3. BET analysis of the CMK-3 electrode recovered from the charged cell shows a vast decrease of pore volume (1.624 versus 0.025 cm^3^ g^−1^) ([Figures S13](#mmc1){ref-type="supplementary-material"}B and S13C), again proving that the solid bromine phase is stored in the pores. This further indicates the significance of the pore volume in the performance of the Zn-Br~2~ battery.Figure 3Rate Performances of the Zinc-Bromine Static Batteries with the TPABr Additive(A) Comparison of the physical characteristics of activated carbon (AC) and CMK-3.(B) Comparison of the charge and discharge voltage profiles of the batteries with activated carbon (AC) cathode and CMK-3 cathode at 100 mA g^−1^ (0.3 mA cm^−2^).(C) SEM image of the fresh CMK-3 electrode.(D) SEM image of the fully charged CMK-3 electrode.(E and F) Rate performance of the battery with CMK-3 cathode and the corresponding charge and discharge voltage profiles. Current densities and specific capacities are based on the mass of cathode.

We witness a superior rate performance of the CMK-3 electrode ([Figure 3](#fig3){ref-type="fig"}E) than that of the activated carbon electrode ([Figure S14](#mmc1){ref-type="supplementary-material"}A). The CMK-3 electrode delivers high specific capacities of 426, 398, 369, 326, and 300 mAh g^−1^ (1.3, 1.2, 1.1, 1.0, and 0.9 mAh cm^−2^) at the current densities of 500, 1,000, 2,000, 5,000, and 10,000 mA g^−1^ (1.5, 3.0, 6.0, 15, and 30 mA cm^−2^), respectively ([Figure 3](#fig3){ref-type="fig"}E). The corresponding energy efficiencies are 94%, 93%, 92%, 88%, and 83%, respectively. Remarkably, it delivers a specific capacity of 237 mAh g^−1^ (0.7 mAh cm^−2^) with 70% energy efficiency at an ultrahigh current density of 30,000 mA g^−1^ (90 mA cm^−2^, equivalent to 127 C). These performances are much better than that of the activated carbon ([Figure S14](#mmc1){ref-type="supplementary-material"}A). The coulombic efficiency of the static Zn-Br~2~ battery is likely to be independent of the current density, i.e., 99.5% coulombic efficiency is still achieved at slow current of 500 mA g^−1^ (1.5 mA cm^−2^). This again implies that the Br~2~/Br~3~^-^ species are converted to solid phase and well stored in pores. The CMK-3 cell with MEPBr electrolyte only conveys very limited improvements over the cell with blank electrolyte, as shown in [Figure S15](#mmc1){ref-type="supplementary-material"}. It is worth noting that the CMK-3 has a larger pore size than the activated carbon (3.94 versus 1.02 nm) ([Figure 3](#fig3){ref-type="fig"}A). We attribute the decent rate performance to the meso-sized pores of the CMK-3, which facilitate electrolyte penetration compared with micro-sized pores, particularly at high current densities. [Figure 3](#fig3){ref-type="fig"}F shows the corresponding voltage profiles of the CMK-3 electrode. Notably, the voltage plateaus are flatter than that of the activated carbon electrode ([Figure S14](#mmc1){ref-type="supplementary-material"}B).

Inhibiting the Dendrite Growth {#sec2.3}
------------------------------

Dendrite growth is the main challenge for batteries with metal anodes ([@bib18], [@bib19]; [@bib20]). Although stable cycling performance of a practical battery relies on a favorable interface between the electrode and electrolyte, the dendritic feature of the zinc metal during plating gives rise to huge problem, particularly for long-term cycling ([@bib40]). The zinc dendrite has a high surface area, which catalyzes the detrimental reaction with electrolyte. It also trends to detach from the anode, leading to fast capacity decay of the zinc-based batteries ([@bib35]). The classic model suggests that the uneven distributions of electric field and zinc ion flow are the main factors for dendrite formation ([@bib41]). During a typical electrodeposition process, zinc atoms nucleate at the active sites to form small protrusions, resulting in a stronger electric field and denser ion distribution above these areas ([@bib31]). The following ions are more facile to deposit along these protrusions, which eventually aggregate as dendrite growth ([@bib11]). The Zn plating behavior in the TPABr electrolyte was revealed by SEM imaging. Zn electrodes were retrieved after plating 2 mAh cm^−2^ Zn at a current density of 5 mA cm^−2^ in Zn\|Zn symmetric cells. The Zn plated in the blank electrolyte shows a typical needle-shaped morphology with large porosity ([Figure 4](#fig4){ref-type="fig"}A). The high-surface-area dendrites exacerbate reaction with the electrolyte, leading Zn pulverization after 100 h (125 cycles) of repeated plating/stripping ([Figure 4](#fig4){ref-type="fig"}D). In contrast, the Zn plated in the TPABr electrolyte shows more featureless with compact electrodeposition film ([Figures 4](#fig4){ref-type="fig"}C and 4F), implying non-dendritic zinc deposition. This is because the TPA^+^ cation is a surfactant in nature and prefers to be absorbed on the zinc protrusions, which blocks the strong electric field and regulates the ion distribution on the interface ([@bib7])^.^ The Zn plated with the MEPBr additive has a similar condensed morphology, albeit forming islands instead of extensive film ([Figure 4](#fig4){ref-type="fig"}B). Nevertheless, these islands turn into big dendrites after 100 h (125 cycles) of repeated plating/stripping ([Figure 4](#fig4){ref-type="fig"}E). This is due to the higher surface activity and polarity of TPA^+^ than that of MEP^+^ ([@bib23]; [@bib32]), enabling a more powerful absorbability. Repeat stripping/plating measurements were carried out in symmetric Zn\|Zn cells to validate the long-term role of the TPABr additive. As shown in [Figure 4](#fig4){ref-type="fig"}G, the cell in the blank electrolyte only cycled for 26 h (33 cycles) before the cell failure by short circuit. In sharp contrast, the cell with TPABr additive showed a very stable potential profile for over 2,000 h (2,500 cycles) without any sign of a short circuit ([Figure 4](#fig4){ref-type="fig"}G, red). The over 70-fold improvement in cycling life proves that the additive is effective in stabilizing zinc electrodeposition. We further evaluated the stripping/plating reversibility in Zn\|Cu cells to demonstrate the degree of the parasitic reaction ([@bib37]) ([Figure 4](#fig4){ref-type="fig"}H). The coulombic efficiency of the cell in blank electrolyte demonstrated a drastic fluctuation and quickly decreased to 45% before a short circuit occurred at the 192th cycle. However, the cell with TPABr revealed a high coulombic efficiency at 99.9% and stable performance for over 1,500 cycles, demonstrating the favorable interface for Zn electrodeposition. As a result, not only the dendrite-related safety issue is resolved by the TPABr additive but also the electrolyte depletion is greatly suppressed, which avoids electrolyte drying out and will greatly extend the cycling life of the battery.Figure 4Zinc Platting/String Behaviors(A--C) SEM images of the zinc anodes after once plating in (A) blank, (B) MEPBr, and (C) TPABr electrolytes, respectively.(D--F) SEM images of the zinc anodes after stripping/plating for 100 h in (D) blank, (E) MEPBr, and (F) TPABr electrolytes, respectively.(G) Voltage profiles of the Zn\|Zn symmetric cells.(H) Coulombic efficiencies of zinc stripping/plating on Cu foil.

Long-Term Performance of the Zinc-Bromine Static Batteries {#sec2.4}
----------------------------------------------------------

The complexing chemistry we explored that converts the Br~2~/Br~3~^-^ to solid phase is significantly different from the MEPBr agent for flow Zn-Br~2~ battery and other approaches that bind Br~2~/Br~3~^-^ to the host by interactions ([@bib17]). The soluble Br~2~/Br~3~^-^ species in electrolyte are remarkably precipitated as TPABr~3~ solid complex, whereas free Br~2~/Br~3~^-^ is negligible. However, the MEPBr additive can only partially complex with Br~2~/Br~3~^-^ species as an oily liquid, which only shows little improvement over the static cell without a complexing agent. The TPABr~3~ solid phase is stored in the meso-sized pores of CMK-3, guaranteeing charge transfer and further suppressing cross-diffusion in the cell. Moreover, electrodeposition of zinc is favorable with the TPABr additive, which solves the stability issue of the zinc anode. With all these improvements, we are allowed to study the long-term reversibility of the zinc-bromine redox couple in our simplified static cell. In such a device with exactly the same configuration as the Li-ion batteries, regular porous glass fiber is used as the separator without treatment.

[Figure 5](#fig5){ref-type="fig"}A shows the long-term cycling stability of the battery with CMK-3 electrode at 5,000 mA g^−1^ (15 mA cm^−2^). The initial specific capacity is 324 mAh g^−1^ (1.0 mAh cm^−2^), which decreases to 240 mAh g^−1^ (0.7 mAh cm^−2^) after 1,000 cycles and 205 mAh g^−1^ (0.6 mAh cm^−2^) after 11,000 cycles. The capacity degradation rate is 0.026% per cycle at the first 1,000 cycles, and for the remaining 10,000 cycles it is as low as 0.001% per cycle. The battery demonstrates a high coulombic efficiency of 99.9% and energy efficiencies of 87%--92%, respectively. We notice the energy efficiency increases with the decrease of the current density, as shown in [Figure S16](#mmc1){ref-type="supplementary-material"}. The cell at 500 mA g^−1^ (1.5 mA cm^−2^) current density has an energy efficiency of 94%, which is superior to that of the Zn-Br~2~ flow battery and is comparable with the Li-ion technology ([@bib2]; [@bib24]).Figure 5Electrochemical Performances of the Zinc-Bromine Static Batteries with the CMK-3 Electrode(A) Long-term cycling stability at 5,000 mA g^−1^ (15 mA cm^−2^).(B) Cycling performance of the battery with Cu foil anode at 5,000 mA g^−1^ (15 mA cm^−2^).(C) Cycling performance of the battery with TPABr~3~ cathode at 1.27 mA cm^−2^.(D) Comparison of the Ragone plot of the zinc-bromine static battery with several standard devices: electrochemical capacitors (EC), lead-acid batteries, nickel-metal hydride batteries, lithium-ion batteries, and zinc-bromine flow batteries. Data of these standard devices are cited from the literature ([@bib22]; [@bib33]).

Benefiting from the high stripping/plating efficiency of zinc in the electrolyte with TPABr additive, the static battery we proposed can even cycle stably without a zinc anode. A piece of Cu foil was used for Zn electrodeposition in a full battery. The discharge cutoff voltage was set at 1.1 V to avoid the plating/stripping of Cu. Remarkably, the battery delivers a comparably high initial specific capacity of 322 mAh g^−1^ (1.0 mAh cm^−2^). A specific capacity of 218 mAh g^−1^ (0.7 mAh cm^−2^) is maintained after 500 cycles with a high coulombic efficiency of 99.5% and energy efficiencies of 87%--92% ([Figure 5](#fig5){ref-type="fig"}B). The corresponding charge and discharge voltage profiles are shown in the [Figure S17](#mmc1){ref-type="supplementary-material"}.

The aqueous zinc-bromine static battery represents a safe battery technology that could bear extensive destruction, such as cutting with scissors. There is no fire ignition or smoking during the destruction; instead, the output voltage is well maintained, as visually demonstrated by the [Video S1](#mmc2){ref-type="supplementary-material"}.

Video S1. Shearing Test of the Zinc Bromine Static Battery, Related to Figure 5

We note the solubility of the electrolyte and the amount of electrolyte would affect the practical energy density. However, we here prove that using TPABr~3~ as the active material in the cathode (the complexed solid form of bromine during charge) could potentially solve the solubility dependency issue of the TPABr + ZnBr~2~ electrolyte. As shown in [Figure 5](#fig5){ref-type="fig"}C, the battery demonstrates a high specific capacity of 90 mAh g^−1^, or 6.3 mAh cm^−2^, based on the total mass of the cathode (weight of TPABr~3~, CMK-3, super P, and PVDF), together with a high coulombic efficiency of 99.5% and energy efficiency of 90% at a current density of 1.27 mA/cm^2^. It is worth noting that the areal capacity of this battery is superior to state-of-the-art lithium ion batteries (6.3 versus 4 mAh cm^−2^) and is much higher than the capacity delivered by the TPABr + ZnBr~2~ electrolyte (2.7 mAh cm^−2^).

The Ragone plot in [Figure 5](#fig5){ref-type="fig"}D shows the comparison of the zinc-bromine static battery with several other standard devices ([@bib22]; [@bib33]). The power density and energy density of the zinc-bromine static battery is based on the total mass of the cathode (CMK-3, super P, and PVDF) and the active materials in electrolyte (ZnBr~2~ and TPABr). The zinc-bromine static battery delivers a high energy density of 142 Wh kg^−1^ at a power density of 150 W kg^−1^. Impressively, even at an ultrahigh power density of 13 kW kg^−1^ (exceeding the maximum power density of electrochemical capacitors), it still retains a high energy density of 99 Wh kg^−1^. The power performance is much superior to other zinc-based batteries involving metal oxide intercalation electrodes ([@bib15]; [@bib28]). [Table 1](#tbl1){ref-type="table"} summarizes the key parameters of the energy storage devices involving Zn-Br~2~ redox couple or based on bromine chemistry ([@bib2]; [@bib13]; [@bib16]; [@bib47]; [@bib48]). These batteries, mainly run with the "flowing electrolyte" concept and are plugged with high cell polarization and complicated system design. They are challenged by the low energy efficiencies and high capital costs, which are key parameters for large-scale energy storage. In contrast, the zinc-bromine static battery delivers a higher energy density, power density, energy efficiency, and longer cycling life. Overall, these results demonstrate that the zinc-bromine redox couple in a simple cell configuration as the Li-ion batteries can deliver stable long-term cycling performance with high energy as well as power densities.Table 1Comparison of Different Energy Storage Devices Involving Zn-Br~2~ Redox Couple or Based on Bromine ChemistryBattery TypeMaximum Energy Density (Wh kg^−1^)Maximum Power Density (W kg^−1^)Coulombic Efficiency (%)Energy Efficiency (%)Cycling LifeReferenceZn-Br~2~ (flow)135NA95751,000([@bib2])Zn-Br~2~ (single)NANA928270([@bib16])Zn-Br~2~ (supercapattery)903,10099NA7,000([@bib48])EV-Br~2~ hybrid supercapacitor643,00097847,000([@bib47])AQDS-Br~2~ flow battery50NA95NA15([@bib13])Zn-Br~2~ (static)14213,00099.99411,000This work[^2]

Discussion {#sec3}
==========

The zinc-bromine chemistry is promising for large-scale energy storage, as demonstrated by the commercialized Zn-Br~2~ flow battery in the past decades. However, the complicated system and the resulted high capital costs of the Zn-Br~2~ flow battery made it not superior to the current Li-ion technology. We proposed a revolutionary battery configuration to demonstrate the advantages of the zinc-bromine redox couple. In such a simplified module, all the auxiliary components such as the microporous polyolefin or Daramic membrane and the electrolyte flowing system for flow batteries are eliminated. Instead, the Zn-Br~2~ static battery has a regular sandwich-type configuration with the readily available glass fiber as the separator, which is as simple as a typical Li-ion battery. This is enabled by regulating the active Br~2~/Br~3~^-^ species in the battery from a highly soluble phase to solid phase by a multifunctional additive. The TPABr additive in electrolyte converts the soluble Br~2~/Br~3~^-^ species by reversible complexation. By the combination with a highly porous CMK-3 electrode, the cross-diffusion and self-discharge are fundamentally resolved. The aforementioned auxiliary components are thus excluded while all the advantages of the Zn-Br~2~ redox couple are well maintained. Although the long-term cycling of the zinc metal-based batteries is challenged by the dendritic growth on Zinc anode, it is simultaneously overcome by the multifunctional TPABr additive, which shows favorable interface for zinc electrodeposition toward non-dendrite growth. The Zn-Br~2~ static battery we proposed demonstrates a high specific energy of 142 Wh kg^−1^ at 500 mA g^−1^ (equivalent to 150 W kg^−1^) with a high energy efficiency of 94%. In particular, the battery shows an ultra-stable cycling life for over 11,000 cycles with minimum self-discharge rate.

Given the fact that all materials in the battery are readily available and inexpensive, the static battery is anticipated to have a dramatic cutoff of the capital costs compared with the flow batteries. Moreover, the Zn-Br~2~ static battery has a similar configuration as the Li-ion batteries but all of the components are not sensitive to moisture and oxygen. Dry rooms or other special environments are not required during cell assembly, further simplifying the scale-up production. Our static battery configuration offers a cost-effective, easy fabrication path for spreading the Zn-Br~2~ battery to practical application.

Limitations of the Study {#sec3.1}
------------------------

The zinc-bromine static battery we proposed here still suffers from little rate of self-discharge (4% per 24 h), which reflects the conversion of the soluble Br~2~/Br~3~^-^ species to the solid TPABr~3~ phase is not complete. Further in-depth study about the complexing chemistry and its kinetics might afford a more efficient bromine complexing agent. In addition, the performance of the static cells was studied by using Swagelok cells instead of pouch cells. Thus, design of a pouch cell with Ah capacity is essential to evaluate the practical potential of this technology.

Resource Availability {#sec3.2}
---------------------

### Lead Contact {#sec3.2.1}

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Xiao Liang (<xliang@hnu.edu.cn>).

### Materials Availability {#sec3.2.2}

This study did not generate new unique reagents.

### Data and Code Availability {#sec3.2.3}

This study did not generate/analyze datasets/code.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.
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[^1]: Lead Contact

[^2]: For comparison, all energy densities were converted using the total weight of the positive, negative electrodes and the active material mass.
